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Abstract 
We describe a sensor principle permitting the fast online measurement of the position of the optical process emissions in deep 
penetration laser welding. Experiments show a strong correlation between the position of the vapour plume and the keyhole 
geometry, demonstrated here by varying the penetration depth of the weld. In order to achieve an absolute position measurement,
the sensor was calibrated using a light source with well defined characteristics. The setup for the calibration measurements and
the corresponding data evaluation methods are discussed. The precision of the calibration with a green LED is 6μm in lateral and
55μm in axial direction, for a working distance of 200mm. 
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1. Motivation 
The deep penetration laser welding process is accompanied by different process emissions (electromagnetic, 
acoustic, matter) which make the keyhole very difficult to access. Yet, in order to get information on the actual 
process state the keyhole geometry has to be observed, furthermore deformations and fluctuations of the keyhole 
indicate the occurrence of weld defects. Possible direct observation methods consist in the use of x-ray cameras [1] 
or pulsed illumination and wavelength selective detection [2,3]. While providing a lot of information that yet has to 
be proven useful, camera-based methods are relatively costly and generate a large amount of data making them ill-
suited for closed loop control systems, so indirect observation methods have been developed [4]. These include the 
detection of acoustic emissions [5], tolerance band methods for optic intensities [6,7] and spectroscopic approaches 
[8,9]. Preliminary studies have shown that the position of the vapour plume correlates with the keyhole geometry 
(length, tilt, opening) [10,11]. Therefore we developed a photodiode-based sensor (Total Reflection Sensor) which is 
explicitly designed to track the 3D centre of the vapour plume in real time and with a clock rate of 50 kHz [12]. 
Section 2 will give a description of the experiments performed in order to calibrate the sensor and to detect the 
process emissions during deep penetration laser welding. In section 3 theoretical methods for the calibration of the 
sensor are introduced, in section 4 the performance of the sensor is discussed and section 5 will give an outlook on 
future experiments. 
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Figure 1.(a) The Total Reflection Sensor consists of a ring-aperture, an acrylic glass cylinder and  4 photodiode pairs. (b) Two steel sheets are 
welded in overlap configuration with the sensor attached to the processing head. 
2. Experimental 
For process monitoring in laser material processing, the sensor is attached to the processing head and the process 
emissions are collimated by the focussing optics and projected onto the sensor front via a beam splitter, Figure 1(b). 
At the sensor front a ring-shaped aperture selects a part of the collimated beam and transmits it into an acrylic glass 
cylinder with a conical recess at its backside, Figure 1(a). At the conical backside of the cylinder the radiation is 
partly reflected and transmitted according to the Fresnel equations [13]. The intensities of the reflected and 
transmitted fractions of the radiation, R (reflectance) and T (transmittance), are detected by 4 pairs of photodiodes at 
concentric positions. By the Fresnel equations R and T depend on the angle of incidence D at the conical backside of 
the cylinder, i.e. by evaluating the signals of the photodiodes D can be determined and thus the position of the light 
source. A detailed description of the working principle of the sensor can be found in [12]. 
2.1. Calibration  
In order to derive the measurement function that links the signals to the position of the light source and thus to 
calibrate the sensor, an LED (Seoul Z-LED P4, Lumitronix) was mounted on a position-controlled bracket that 
could be moved by motorized stages (Physics Instruments) with an accuracy of 0.2μm (Figure 2(a)). The sensor was 
mounted on a bar in front of the LED. Between the sensor and the LED a lens of 200mm focal length was positioned 
representing the focussing optics. Using the motorized stages, the LED was moved to predefined positions while the 
corresponding signals of the photodiodes were registered. The entire setup was enclosed in a box of anodized 
aluminium, shielding it from ambient light.  
The calibration measurement provides a set of 8 signals (4 photodiode-pairs) for each position of the light source. 
A volume of 6 x 6 x 20mm3 around the focal spot of the lens was sampled by moving the LED in steps of 200μm in 
lateral and 500μm in axial direction. 
2.2. Monitoring of the penetration depth 
Using an Yb:YAG Laser (Trumpf, TruDisk 4002), a weld in overlap configuration was performed. Two steel sheets 
(1mm, DC01) were arranged as shown in Figure 1(b), resulting in a change in the welding mode from part to full 
penetration at the end of the lower steel sheet. The parameters for the experiment were: Laser power: 1.2kW, laser 
wavelength: 1030nm, feed rate: 10mm/sec, focal spot diameter: 0.6mm. The accompanying process emissions 
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(vapour plume) were collimated via the focussing optics and projected onto the sensor front. A short pass filter was 
used to block reflections of the laser light. Subsequently, the photodiode signals were amplified, filtered by a low 
pass filter with a cut-off frequency of 8kHz and digitized with a sampling rate of 50 kHz. Additionally, the vapour 
plume was imaged by a camera (IDS μEye USB UI-2250SE).  
           
       (a)              (b) 
Figure 2. Setup for calibration. An LED is mounted on a position-controlled bracket and is moved by motorized stages. A lens of 200 mm focal 
length is positioned in front of the sensor. The distance between the LED and the lens is 200 mm. (a) Photograph (b) Schematic. f - focal length, d 
- distance lens-aperture, r0 - radial offset of the ray in the plane of the lens, rb - radial offset of the ray in the plane of the ring aperture, R - 
photodiode detecting the reflection, T - photodiode detecting the transmission. 
3. Theoretical Analysis 
In order to correlate the photodiode signals with the position of the light source, calibration measurements have 
been performed (section 2.1). In the following, a simplified relation between the photodiode signals and the position 
of the light source will be deduced. This relation is then adapted to the real sensor geometry using a polynomial fit 
of the calculated positions to the measured positions. 
 Figure 4(b) shows a sketch of the setup, the origin of the coordinate system is located in the focal point of the 
lens. Rays emitted by the light source are collimated by the lens, selected by the ring-aperture, refracted into the 
cylinder, are partially transmitted and reflected at the backside of the cylinder and are detected by the photodiodes. 
We assume an ideal lens, i.e.: 
 1
0
tantan
11 EG  
rf
                           (1) 
Since    
d
rr b 01tanE                             (2) 
r0 can be replaced and eq.1 becomes: 
f
r
f
d b¸¸¹
·
¨¨©
§  1tantan 1EG              (3)  
700  C. Brock et al. / Physics Procedia 12 (2011) 697–703 
Snell’s law for the refraction of rays into the cylinder provides the dependence of 1E onD :
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 and thus eq.3 gives the relation betweenG andD :
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In order to get Gtan  as a function of the quotient                      , where R and T denote reflectance transmittance  
given by the Fresnel equations, )(DQQ   has to be inverted to yield )(QDD  . Since the inversion is not possible 
analytically, a numerical solution for the region of interest qddq 5.15.1 JDJ was computed. In this region, )(QD
behaves quite linearly an can be approximated by 
QQ | 306.1285.1)( JD             (6) 
Inserting eq.6 into eq.5,G is expressed as a function of Q . For the calculation of the dependence of the position of 
the light source on the sensor signals, all four pairs of photodiodes are taken into account. 41Q denote the quotients 
corresponding to the four photodiode-pairs, 41G denote the corresponding angles of incidence on the lens at four 
concentric points lying in plane with the photodiode pairs. 1G and 3G are measured at opposite points located in the x-z 
plane, 2G and 4G are measured at opposite points located in the x-y plane. The dependence of the angles 41G  on the 
position of the light source is as follows: 
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Using a subset of 3 equations, x, y and z can be determined as a function of the angles 41G and via eq.5,6 as a 
function of the quotients 41Q . There are 4 subsets of 3 equations out of eq. 7a-7d. For subsequent calculations the 
average over the solutions of these four subsets is taken for each coordinate x,y,z. 
This model is based on simple ray optics, but provides a good estimate of the position of the light source. The 
calculated coordinates are subsequently fit to the measured positions using a least-squares polynomial fit. A detailed 
description of the fitting procedure is given in [14]. 
4. Results and Discussion 
A set of 9350 positions and the corresponding sensor signals was acquired as described in section 2.1 and evaluated 
using the method shown in section 3, yielding a mean difference between calculated and measured positions (i.e. 
error of the model) of 6μm in lateral and 55μm in axial direction with standard deviations of 0.2μm and 1.1μm, 
respectively. The different errors in lateral and axial direction are due to the weaker gradient of the quotients in axial 
direction. Since the light source is positioned at a distance of 200 mm from the collimating lens, a movement in 
lateral direction causes a stronger change of the angles 41G than a movement in axial direction. 
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Figure 3(a) shows the errors for the movement of an LED along the z-axis (lateral direction) at x=y=0. On the one 
hand, this Figure  shows that the error of the lateral components is smaller than the error of the axial component, as 
already indicated by the mean values given above. On the other hand it can be seen that as the light source is moved 
away from the focal spot of the lens at z=0, the error of the lateral components increases, while the error of the axial 
component decreases. This behaviour may originate in the fact that the model does not include aberrations of the 
lens. The polynomial fit then adapts the calculated positions to the measured ones, but since aberrations 
predominantly affect the axial component, imbalances are introduced that the fit may not be able to account for. 
Figure 3. Differences between calculated and measured positions (i.e. error of the model) for movement of an LED along the z-axis (lateral 
direction) at x=y=0. The error of the x-component is scaled down by a factor of 10. 
After calibration, the sensor was applied to monitor the deep penetration laser welding process as described in 
section 2.2. Due to the chosen weld geometry shown in Figure 1(b), a change in the welding mode occurs as the 
keyhole passes the end of the lower steel sheet. Camera images of the vapour plume (Figure 4(a)) before and after 
the change from part to full penetration indicate a shift of the center of the plume axial direction, while the lateral 
position is only weakly affected. The vapour plume is sinking as the keyhole opening at the bottom side of the 
workpiece forms. 
 Figure 4(b) shows the averaged quotients 41Q for each of the four photodiode pairs. The tolerances of the 
quotients are given in the Figure’s caption. By computing these quotients, intensity-independent signals are 
obtained, which are assumed to be only weakly affected by environmental influences like e.g. stray light and 
reflections or intensity fluctuations due to changes in the vapour composition. In Figure 4(b) a step in all four 
quotients appears at t=1.3sec, resulting from the change of the welding mode from part- to full penetration. While 
the absolute values are different for each quotient, the step has approximately the same magnitude for all four 
quotients. In Figure 4(c) the averaged position of the vapour plume calculated from the signals in Figure 3(b) is 
shown. In accordance with the camera images the change in the lateral position (y,z) is weak and the axial (x) 
position is strongly affected.  
The welding geometry of an overlap joint was deliberately chosen since only the axial component of the plume 
was expected to be affected by the change of the weld mode. As the experiment showed, this change could be 
clearly identified. Thus, the correlation between keyhole length and axial component of the center of the vapour 
plume was verified and successfully integrated into a sensor concept for process monitoring in laser material 
processing.  
5. Summary and Outlook 
A calibration method for optical 3D position sensors was introduced and the ability of the ToRef-Sensor to detect 
penetration depth during deep penetration laser welding was discussed. The mean error of the model used to 
calibrate the sensor was 6μm in lateral direction and 55μm in axial direction. During the deep penetration laser 
welding process, the 3D position of the center of the vapour plume was tracked. A significant change of the axial 
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component of the center of the vapour plume was observed as the welding mode changed from part to full 
penetration, verifying the assumption that the axial component correlates with the keyhole length. 
Future experiments will focus on the detection of changes of the lateral position of the plume which are expected 
to depend strongly on the keyhole slope. Thus, we may determine keyhole length and slope from the measured 3D 
position of the vapour plume. From the obtained keyhole geometry quality relevant parameters like the penetration 
depth of the weld can be deduced. 
               (a)           (b) 
(c) 
Figure  4. (a) Camera images acquired before (left picture) and after (right picture) the change of the welding mode from partial to full 
penetration. (b) Averaged Quotients Q=T/R for the photodiode pairs acquired during the weld. Tolerances are: 'Q1=0.15, 'Q2=0.14, 'Q3=0.13, 
'Q4=0.16; (c) Positions calculated from the signals shown in (b), averaged. Tolerances are 'x=3.42mm, 'y=0.31mm, 'z=0.36mm. 
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